I[NTRODUCTION]{.smallcaps} {#sec1-1}
==========================

Amyotrophic lateral sclerosis (ALS) is a rapidly progressive neurodegenerative disease, characterized by the involvement of both upper motor neurons (UMNs) and lower motor neurons (LMNs). The pathogenesis of ALS is not yet fully understood and no effective cure is available.\[[@ref1]\] It has been noted that the clinical manifestations and speed of disease progression greatly vary among ALS patients, and several indicators have been applied to disease progression monitoring as well as treatment efficacy evaluation in clinical studies, including the revised ALS functional rating scale (ALSFRS-R) score, forced vital capacity, muscle strength, and survival time.\[[@ref2]\] However, the functional changes and survival time only partially reflect the disease progression or treatment efficacy; thus, investigation for a more objective and efficacious biomarker is still ongoing. A sensitive indicator will be able to help reduce the sample size in the preliminary experiment, provide a more accurate evaluation of the sample size for Phase III clinical trials, and better define different clinical subtypes that require separate assessment.\[[@ref3]\]

Various biochemical substances in body fluids (neurofilaments, tau protein, inflammatory factors, etc.) have been used as biomarkers for ALS progression monitoring;\[[@ref4]\] meanwhile, neural electrophysiological techniques\[[@ref5]\] and neuroimaging\[[@ref6]\] are also commonly adopted. Among these measures, magnetic resonance imaging (MRI) has been recognized as a promising tool with its noninvasiveness, easy accessibility, repeatability, and increasing sensitivity.\[[@ref7]\] Multimodal MRI adopts various sequence and analysis methods, such as voxel-based morphometry (VBM), arterial spin labeling (ASL), resting-state functional MRI (RS-fMRI), and diffusion tensor imaging (DTI). With the help of multimodal MRI, it has been demonstrated that the motor cortex and the extramotor areas are extensively impaired in ALS patients, and ongoing efforts have been made to identify new neuroimaging markers to track ALS progression.\[[@ref8]\] This study explored the significance of multimodal MRI in disease monitoring by longitudinal follow-up in ten ALS patients.

M[ETHODS]{.smallcaps} {#sec1-2}
=====================

Ethical approval {#sec2-1}
----------------

The study was conducted in accordance with the *Declaration of Helsinki* and was approved by the Research Ethics Committee of Peking Union Medical College Hospital (PUMCH) (No. S-619). All patients had been fully informed of the purpose and methods of the present study and provided written informed consent from themselves or their guardians.

Subjects {#sec2-2}
--------

From September 2015 to March 2017, ten patients registered in the ALS cohort of PUMCH with normal cognition agreed to undergo MRI scans and were enrolled in this study. The methods adopted for cognition evaluation were published in our previous article.\[[@ref9]\] All patients had head MRI scans at baseline and 6 months later after recruitment. Exclusion criteria included: (1) Familial ALS patients; (2) patients with a history of other neurological diseases; and (3) patients with substance abuse, severe depression, anxiety, or other mental problems.

Image acquisition {#sec2-3}
-----------------

Images were acquired on a 3.0 T magnetic resonance system (Discovery MR 750, GE) with an 8-channel phase array head coil. All patients were required to be alert, close their eyes, remain supine, and avoid any conscious thinking. The structural images of the whole brain were scanned by a three-dimensional (3D) fast spoiled gradient echo sequence: repetition time (TR) = 8.2 ms, echo time (TE) = 3.2 ms, matrix = 256 × 256, field of view (FOV) =25.6 cm × 25.6 cm, slice thickness = 1.0 mm, no slice gap, and a total of 180 slices. Images of 3D pseudocontinuous ASL were collected using the following protocol: TR = 4886 ms, TE = 11 ms, FOV 24 cm × 24 cm, image reconstruction matrix = 128 × 128, slice thickness = 4 mm, no slice gap, postlabel delay = 2025 ms, FOV = 24 cm, and a total of 40 slices. The RS-fMRI images were obtained using an echo-planar imaging sequence with the following parameters: TR = 2000 ms, TE = 30 ms, FOV = 24 cm × 24 cm, matrix = 64 × 64, slice thickness = 4 mm, no slice gap, and a total of 36 slices and 200 phases. The T1-weighted images were simultaneously performed with ASL and RS-fMRI. For DTI analyses, we used a spin echo sequence: TR = 6000 ms, TE = the minimal default value, FOV = 24 cm × 24 cm, matrix = 128 × 128, b = 0 and 1000 s/mm^2^, slice thickness = 3 mm, no slice gap, 15 gradient directions, and a total of 50 slices.

Image preprocessing {#sec2-4}
-------------------

The 3D structural images of the whole brain and the ASL sequences were preprocessed to obtain the graphs of gray matter (GM) and cerebral blood flow (CBF) for further analysis by SPM12 (<http://www.fil.ion.ucl.ac.uk/spm/>) in Matlab2013b (The MathWorks Inc., Natick, MA, USA). The detailed procedures are described in our previous article.\[[@ref9]\] The RS-fMRI images were preprocessed by SPM12 and DPABI 2.3 (<http://rfmri.org/dpabi>)\[[@ref10]\] in Matlab2013b so that the graphs of fractional amplitude of low-frequency fluctuation (fALFF) and regional homogeneity (ReHo) were derived. The DTI images were preprocessed by FSL (<https://fsl.fmrib.ox.ac.uk/fsl/fslwiki>) and PANDA 1.3.1 (<http://www.nitrc.org/projects/panda>)\[[@ref11]\] for the graphs of fractional anisotropy (FA) and mean diffusivity (MD).

Statistical analysis {#sec2-5}
--------------------

SPSS software version 22.0 (SPSS Inc., Chicago, IL, USA) was used for the analysis of demographic and clinical data. The continuous variables that were normally distributed were presented with the mean ± standard deviation, while those that did not follow a normal distribution were shown by median (range). The paired *t*-test was carried out in the comparison of the data between baseline and the 6^th^ month of follow-up, and *P* \< 0.05 was considered to be statistically significant. For imaging data, a paired *t*-test was conducted between the imaging data at baseline and at the 6^th^ month by SPM12 (<https://www.fil.ion.ucl.ac.uk/spm/software/spm12/>) and DPABI 2.3 (<http://rfmri.org/dpabi>) in Matlab2013b (The MathWorks Inc., Natick, MA, USA). *P* \< 0.05 after false discovery rate (FDR) correction was recognized as statistically significant. If no voxel survived after FDR correction, a liberal *P* \< 0.001 without correction was considered as statistically significant instead. Only the clusters of over 100 voxels were reported, and the results were visualized by Brant toolbox 2.0 (<http://brant.brainnetome.org/en/latest/>).

R[ESULTS]{.smallcaps} {#sec1-3}
=====================

The mean age of the ten patients enrolled was 47.9 ± 9.2 years. The mean time from symptom onset to diagnosis of ALS was 10 months (range: 8--20 months). The average baseline ALSFRS-R score was 43.3 ± 2.0, which was significantly higher than that at 6 months (38.5 ± 1.7, *P* = 0.038). The demographic and clinical characteristics of each patient are presented in [Table 1](#T1){ref-type="table"}.

###### 

Demographic and clinical characteristics of the ten patients with ALS

  No.   Age at baseline (years)   Gender   Onset type   Disease duration (months)   Diagnosis level        ALSFRS-R score   
  ----- ------------------------- -------- ------------ --------------------------- ---------------------- ---------------- ----
  1     51                        Male     Limbs        10                          Laboratory supported   43               40
  2     46                        Male     Bulbar       10                          Laboratory supported   44               38
  3     44                        Female   Limbs        16                          Laboratory supported   40               38
  4     37                        Male     Limbs        12                          Clinically probable    42               35
  5     50                        Male     Limbs        9                           Clinically probable    47               41
  6     52                        Female   Limbs        8                           Clinically probable    45               39
  7     47                        Female   Limbs        13                          Clinically definite    39               37
  8     32                        Male     Limbs        16                          Laboratory supported   45               40
  9     65                        Female   Bulbar       9                           Clinically probable    44               38
  10    55                        Male     Bulbar       20                          Clinically probable    44               39

ALSFRS-R: The revised ALS functional rating scale; ALS: Amyotrophic lateral sclerosis.

In the VBM study, the GM volume of the right precentral gyri, the left postcentral gyri, and the right thalami in ALS patients at the 6^th^ month of follow-up was significantly lower than that of their baselines \[*P* \< 0.05, FDR corrected; [Figure 1a](#F1){ref-type="fig"} and [Table 2](#T2){ref-type="table"} -- VBM\].

![The comparison of multimodal magnetic resonance imaging metrics between baseline and the 6^th^ month of follow-up. (a) The regions with decreased volume of gray matter at follow-up. (b) The regions with decreased cerebral blood flow at follow-up. (c) The regions with altered functional connectivity, including low-frequency fluctuation at follow-up. (d) The regions with altered regional homogeneity at follow-up. The warm colors indicate increases and the cold colors indicate decreases. The colored bars in a-d represent the *t* value. *P* value in a and b was \<0.05 with false discovery rate correction, while that in c and d was \<0.001 without correction. VBM: Voxel-based morphometry; CBF: Cerebral blood flow; fALFF: Fractional amplitude of low-frequency fluctuation; ReHo: Regional homogeneity.](CMJ-131-2904-g001){#F1}

###### 

The clusters with altered imaging metrics between baseline and follow-up

  No.     Voxel size   Brodmann area   MNI coordinates of the extrema   *t*         
  ------- ------------ --------------- -------------------------------- ----- ----- --------
  VBM                                                                               
   1      508          BA4_L           −38                              −27   57    −12.71
   2      410          BA6_R           29                               −17   57    −9.21
   3      364          NA              12                               −23   −5    −16.77
   4      225          BA6_R           56                               −8    51    −7.49
  CBF                                                                               
   1      629          BA3_L           −20                              −36   62    −14.33
   2      288          BA4_L           −7                               −28   66    −8.70
   3      268          BA38_R          42                               26    −22   −13.98
   4      126          BA47_L          −38                              54    −4    −6.81
   5      122          BA48_L          −30                              14    −8    −8.60
  fALFF                                                                             
   1      122          BA11_R          9                                42    −15   −6.96
   2      171          BA6_R           38                               0     50    7.44
   3      129          BA6_R           24                               −13   54    7.45
  ReHo                                                                              
   1      101          BA6_R           40                               4     37    10.22
   2      208          BA30_R          7                                −51   18    −5.76

MNI: Montreal Neurological Institute; VBM: Voxel-based morphometry; CBF: Cerebral blood flow; fALFF: Fractional amplitude of low-frequency fluctuation; ReHo: Regional homogeneity; NA: Not available.

In the ASL study, the CBF of bilateral temporal poles, left precentral gyri, postcentral gyri, and right middle temporal gyri at 6 months of follow-up was significantly lower than those of the baselines in ALS patients \[*P* \< 0.05, FDR corrected; [Figure 1b](#F1){ref-type="fig"} and [Table 2](#T2){ref-type="table"}-- CBF\].

In the RS-fMRI study, no voxel survived in the fALFF and ReHo analysis after FDR correction (*P* \< 0.05). With an uncorrected *P* \< 0.001, the fALFF of right precentral gyri and superior frontal gyri increased during follow-up compared with baseline, while that of the bilateral middle frontal gyri significantly declined \[[Figure 1c](#F1){ref-type="fig"} and [Table 2](#T2){ref-type="table"} -- fALFF\]. The ReHo of the right precentral gyri significantly increased 6 months later, whereas that of the right precuneus and cingulate gyri decreased \[*P* \< 0.001 uncorrected; [Figure 1d](#F1){ref-type="fig"} and [Table 2](#T2){ref-type="table"} -- ReHo\].

In the DTI study, no significant difference was observed between the baseline and follow-up in terms of FA and MD in the whole brain at the set statistical threshold (*P* \< 0.001 uncorrected).

D[ISCUSSION]{.smallcaps} {#sec1-4}
========================

We compared the head multimodal MRI images of ten ALS patients at baseline and 6 months of follow-up in the present study. The GM volume and CBF significantly decreased at 6 months compared to baseline after corrections for multiple comparisons. Under a more liberal voxel-wise threshold of *P* \< 0.001 uncorrected, the fMRI data showed several sporadic clusters with altered metrics during follow-up, and FA and MD of the whole brain remained unchanged.

The GM volume of the patients' right precentral gyri, left postcentral gyri, and right thalami significantly decreased compared to their baseline level, which was consistent with the results of previous longitudinal VBM studies that reported significant GM loss in the bilateral precentral gyri, left postcentral gyri, motor cortices, frontal areas, and bilateral frontotemporal lobes.\[[@ref12][@ref13]\] As with most studies,\[[@ref14][@ref15][@ref16][@ref17]\] no significant change in FA and MD was revealed in our study. Such observation could be explained by the "floor effect," which suggests that the impairment of white-matter (WM) fiber tracts was so severe at baseline that longitudinal alteration was not noticeable. Meanwhile, our previous cross-sectional study demonstrated that the GM volume of the whole brain did not significantly differ between ALS patients and healthy controls (HCs),\[[@ref9]\] though FA in the bilateral corticospinal tract and corpus callosum was significantly lower in the ALS group than in the HC group,\[[@ref18]\] indicating that the microstructural involvement of WM was more prominent than GM damage in ALS patients at baseline. Such findings lend further support to the existence of the floor effect.

We adopted ASL to assess the longitudinal changes of CBF in ALS patients and found that the CBF in multiple areas was significantly lower at follow-up than at baseline. The hypoperfusion in motor areas was expected and consistent with the GM loss there. Additionally, hypoperfusion in extramotor areas such as bilateral frontal poles and right temporal lobes was also noted. According to research that evaluated the CBF of ALS patients compared with that of HCs at baseline, 6 months, and 1 year using computed tomographic perfusion scanning, no significant difference was observed.\[[@ref19]\] However, the mean transit time of the temporal lobe at the 6^th^ month was significantly longer in the ALS group, and such difference expanded to whole-brain cortices at 1 year of follow-up, which added evidence to abnormal perfusion in extramotor areas in ALS patients, though longitudinal comparison was absent in that research.\[[@ref19]\]

Based on the longitudinal comparison of RS-fMRI, functional connectivity (FC) increased in the motor areas and decreased in the extramotor areas of ALS patients. The enhancement of FC in the motor areas could be compensatory for structural damage, though such compensation would be exhausted with increasing disease burden; it could be associated with the loss of cortical inhibitory neurons and pathological alteration in local inhibitory circuits, as well.\[[@ref20]\] The reduced FC of the frontal lobes and cingulate gyri implied that extramotor areas were also involved in ALS; as the cognitive and emotional functions of these areas are not redundant as those of motor pathways, compensation is not feasible, and thus, decreased FC was observed instead.\[[@ref20]\]

Previous studies have compared different imaging techniques in the longitudinal monitoring of ALS patients, and the conclusions were inconsistent. Two studies reported declined FA in the corticospinal tract\[[@ref21]\] and increased MD in the corpus callosum,\[[@ref22]\] respectively, with insignificant changes in the cortical GM. One study demonstrated thinner bilateral precentral cortices and reduced GM volume, while changes in FA and MD in the corticospinal tract were not noticeable.\[[@ref15]\] Some studies, however, indicated that both GM and WM had significant alterations in ALS.\[[@ref12]\] As stated by a previous research, the WM damage was more remarkable than the GM damage at baseline, presenting as impairment in the corticospinal tract and corpus callosum and GM loss in left motor cortices and temporal areas; however, alterations in the GM turned out to be more prominent during follow-up.\[[@ref13]\] This is consistent with our results, which suggest that ALS might feature WM involvement at the initial stage and develop extensive cortical degeneration gradually. It should be noted that CBF decreases were recorded in some extramotor areas such as the frontotemporal lobes, even though no substantial GM alterations occurred. This implied that hypoperfusion in certain regions might take place prior to GM atrophy in the progression of ALS. The FC changes in the temporal poles, cingulate gyri, etc., were also independent of GM involvement. Nevertheless, these results did not survive multiple comparisons and thus should be interpreted with caution.

There are some intrinsic limitations to neuroimaging in monitoring the progression of ALS. The clinical manifestations and functional outcomes of ALS patients were a comprehensive reflection of UMN, LMN, and extramotor area involvement; however, the complexity of the phenotypes lies not only in the damage of the multisegmental neuraxis, but also in the dynamic changes to the extensively engaged neural network and multiple compensatory mechanisms.\[[@ref23]\] ALSFRS-R is the only validated clinical indicator for the evaluation of disability in ALS patients, but the absolute ALSFRS-R scores upon diagnosis are highly variable and thereafter decline at varying but relatively stable rates.\[[@ref24]\] Therefore, patients who undergo MRI with the same ALSFRS-R score at a given time might have been in different stages of disease and might progress variably. Furthermore, ALSFRS-R has low sensitivity in identifying functional impairment of the frontal lobe. ALSFRS-R is also more sensitive to LMN symptoms than UMN symptoms; thus, the UMN-related manifestations might be underestimated with progressive loss in the LMN. On the other hand, neuroimaging techniques could assess the involvement of only UMN and extramotor areas in ALS patients, while the impairment of LMN and the complicated interactions between the two types of neurons are beyond measure. Even when we limited our evaluation target to the neurological compromise of the UMN and extramotor regions, similar clinical or functional outcomes may result from heterogeneous damage to the WM and GM. In summary, the gap between imaging metrics and clinical condition is predicted. There were also a few limitations to the present study. First, the sample size was small; thus, subgroup categorization by clinical phenotypes was not viable and population homogeneity was not assured. Second, only two time points were assessed; therefore, it was not clear whether the longitudinal changes were linear or nonlinear. In addition, more frequent evaluation could reduce false-positive errors. Hence, combined assessment of the UMN and LMN by multimodal head MRI, spinal MRI, and neural electrophysiologic techniques in a larger sample of ALS patients with different clinical phenotypes at multiple periods may yield more reliable results.

In conclusion, multimodal MRI could be applied to monitor short-term intracranial alterations in ALS patients. GM loss in motor cortices might be a more sensitive measure of disease progression than damage in the corticospinal tract. Hypoperfusion in extramotor areas and decreased FC might take place in advance of detectable structural changes.
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